We investigated the effect of N348I alone and with M184V on nonnucleoside reverse transcriptase inhibitor (NNRTI) drug susceptibility and replicative capacity in B and non-B HIV-1 isolates. N348I reduced the susceptibility to all NNRTI drugs across subtypes. The replication capacity of all viruses in a variety of cell lines was impaired by N348I. Interestingly, the N348I and M184V double mutation compensated for the reduced NNRTI drug susceptibility observed in the N348I single mutant and marginally improved viral replicative capacity.
The nonnucleoside reverse transcriptase (RT) inhibitors (NNRTIs) nevirapine (NVP), efavirenz (EFV), and etravirine (ETV) bind to a hydrophobic cavity located near the RT active site and act as allosteric inhibitors of DNA polymerization. Mutations in the binding pocket are selected during failure of NNRTI therapy, and the long-term virologic response to sequential NNRTI treatment, even with the newer NNRTI ETV, is poor, particularly when multiple mutations are present (8, 9, 10, 20) . Recently, mutations in the C-terminal domain of RT, including the "connection subdomain" and the RNase (RNase H) domain, have been identified and implicated in resistance to RT inhibitors (3, 15) . In particular, N348I mutation in the connection subdomain confers reduced susceptibility to EFV and NVP, as well as the nucleoside analogues zidovudine (ZDV) and didanosine (DDI), and is highly associated with M184V and several thymidine analogue-associated mutations in HIV-1-infected individuals (6, 15, 25, 28) .
However, there remain few data on the impact of N348I on drug susceptibility across non-subtype B viruses, and its impact on susceptibility to the newer NNRTI ETV is unclear. These issues are of particular importance for second-line treatment strategies in resource-limited settings.
To study the role of N348I in drug resistance in B and non-B HIV-1 isolates, HIV-1-positive clinical samples from drug-naïve patients (infected with subtype A [clones A1 and A2], subtype B, or subtype C HIV-1) were obtained by routine drug resistance testing. RT-PCR amplified gag-pol sequences from clinical plasma-derived isolates were amplified, sequenced, and cloned into the NotI and XmaI sites of the replication-defective, envelope-deleted subtype B retroviral vector p8.9NSX as described previously (7, 12, 18) , as were subtype-specific gagpol sequences from molecular clones MJ4 (subtype C) (14) and 94UG114.1.6 (subtype D) (5) .
To measure the effect of N348I on drug susceptibility and replicative capacity (RC), virus stocks were generated as described previously (18) . HEK 293T cells were infected with viral supernatant in the presence of serial dilutions of RT inhibitors to determine drug susceptibility. Viral replication was determined by measuring luciferase expression using SteadyGlo and a GloMax luminometer (Promega). Fifty percent effective concentrations (EC 50 s) were determined by linear regression analysis, and the fold change in drug susceptibility was determined by comparing mutant virus and wild-type subtype-specific EC 50 s.
In order to determine whether there were subtype differences in NNRTI drug susceptibility, we tested 7 wild-type clinical isolates and molecular clones incorporating full-length gagpol. We observed some differences among subtypes in terms of NNRTI susceptibility, in which the absolute EC 50 for subtypes A and D were higher than those for subtypes B and C, reaching around 2-fold higher for EFV and 3-fold higher for NVP in some instances (Table 1) . However, because we studied a limited number of viruses of each subtype we cannot imply that this effect applies to these subtypes in general.
The N348I mutation was introduced into wild-type RT by site-directed mutagenesis (Stratagene QuikChange), and RT drug susceptibility assays were performed to determine the impact on susceptibility in the different HIV-1 backbones. Apart from ZDV, the N348I mutation had a minimal effect on NRTI susceptibility (tenofovir [ shown). The EC 50 s of ZDV increased 1.7-to 3-fold across subtypes when N348I was compared to the wild-type counterpart. Contrary to other findings (6, 28), N348I did not confer reduced DDI susceptibility (EC 50 range, 0.9-to 1.0-fold). However, the N348I mutation conferred reduced susceptibility to NVP, EFV, and ETV across all viruses (Table 1) , namely, 5-fold for NVP and 2.9-fold for ETV in some instances, falling within the clinical cutoff for ETV as defined by other assay systems (19) . For each of the viruses, N348I had a more pronounced statistically significant effect on NVP susceptibility. N348I conferred resistance to EFV and ETV to a lesser extent, and the effect was statistically significant only for virus A2 (subtype A) and B for EFV and virus A1 (subtype A), p8.9 (B), C, and D for ETV. These findings regarding NNRTI susceptibility extend those of others, who limited their analyses to subtype B HIV-1 (6, 22, 28) . Although we recognize subtype differences, we cannot conclude that the N348I effect is subtype specific due to the sample number and the extent of variability within subtype B.
Since N348I has been reported to be replaced by wild-type virus after treatment cessation (6), we examined whether this mutation had an effect on viral replication. RC was determined by titration of virus stocks on SupT1, Jurkat, and HEK 293T cells in the absence of drug as previously described (18) .
Acquisition of N348I caused impaired RC in B and non-B viruses compared to that of the wild-type virus in SupT1, Jur- kat, and HEK 293T cells whether the virus was derived from clinical isolates or characterized molecular clones ( Table 2 ). The effect of N348I on RC was similar across all subtypes and cell lines and found to be statistically significant. Replication was reduced by as much as 58% and 65% in HEK 293T cells for subtype A (A1) and C (MJ4) mutant viruses, respectively. Strong impairment of viral replication conferred by N348I has also been observed in wild-type subtype B in MT-2 and SupT1 cells but not in PM1 cells and peripheral blood mononuclear cells (6) . Since N348I commonly exists with M184V in clinical isolates (11) and the impact of both mutations on NNRTI susceptibility has not been reported, we introduced both mutations into RT by site-directed mutagenesis to determine phenotypic effects. Surprisingly, the reduced NNRTI drug susceptibility conferred by N348I alone was reversed across all subtypes when it was coexpressed with M184V ( Fig. 1) . M184V alone had a minimal effect on NNRTI susceptibility. The fold increase in NNRTI susceptibility conferred by M184V on N348I mutant virus was similar across subtypes and was statistically significant for NVP and EFV compared with N348I alone and only in subtype B and D viruses for ETV. Interestingly, M184V has previously been shown to hypersensitize a virus to NNRTIs (13, 24, 27) .
The viral RC deficit of N348I alone in SupT1, Jurkat, and HEK 293T cells was reduced slightly for a few of the N348I and M184V double mutants, but not to wild-type levels (Table 3) , and was statistically significant only for subtype C virus (MJ4) in Jurkat (P ϭ 0.01) and Sup T1 cells (P ϭ 0.02) compared with N348I alone. Interestingly, M184V alone reduced the RC of subtype A, B, C, and D viruses in Jurkat and SupT1 cells compared with that in HEK 293T cells. Similarly, M184V variants in vivo have been reported to be 4 to 8% less fit than the wild-type virus (17) , due partly to a decreased ability to use natural nucleotide substrates (2). However, estimates of HIV-1 fitness vary considerably, depending on the methodology and genetic backbone used (4, 26) .
In this study, albeit having only looked at a few isolates, we demonstrate an impact of N348I on NNRTI susceptibility across subtypes. The mechanism of N348I resistance has been FIG. 1. NNRTI drug susceptibility conferred by N348I plus or minus M184V in B and non-B HIV-1 clinical isolates or molecular clones. Data are mean n-fold changes in drug EC 50 s for mutant viruses compared to those for the wild-type virus across subtypes Ϯ the standard error of the mean from two independent experiments. Statistical analyses using Student's t test compared subtype-specific N348I plus M184V mutant virus with N348I mutant virus. NS, no statistically significant difference. Black bars, N348I; grey bars, N348I plus M184V; white bars, M184V. experimentally proven (21) , in that N348I decreases catalytic efficiency and causes in vitro resistance to NVP by decreasing inhibitor binding. Differences among RTs from different clades can be due to small differences in the binding capacity of N348I mutants. Less clear is the role of RNase H in NNRTI resistance. It has been proposed that a decrease in RNase H activity due to connection subdomain mutations preserves template RNA and provides more time for NNRTI dissociation from RT, resulting in resumption of DNA synthesis and enhanced NNRTI resistance (1, 4, 16) . However, NNRTI resistance cannot always be linked to a defect in RNase H (21, 23) .
We propose that the C-terminal domains of RT, which include RNase H and the connection subdomain, should be considered in genotypic and phenotypic analyses to evaluate new determinants of resistance to existing and new RT inhibitors, particularly regarding the full spectrum of subtypes.
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